Introduction
============

Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is an acquired immune-mediated disorder affecting the peripheral nerves, with a prevalence of 9/100 000.^[@bib1]^ The clinical features of the disease include weakness, sensory loss, imbalance and impaired ambulation, which may lead to substantial disability. The first line of the treatment consists of corticosteroids, plasma exchange and intravenous immunoglobulin, all of which have been proven to be beneficial in randomized controlled trials^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ but their efficacy differs in terms of cost, availability and adverse effects. Only 50--80% of patients with CIDP respond satisfactorily to the established first-line immunomodulatory treatments.^[@bib6],\ [@bib7]^ Refractory forms of CIDP require immune suppressants, such as azathioprine, cyclosporine, cyclophosphamide, interferons, methotrexate, mycophenolate mofetil and rituximab. Unfortunately, these drugs are not free from serious side effects and are only beneficial in a small percentage of patients. CIDP is also commonly associated with long-term dependence on treatment. Studies have shown that 55% of responders continue taking immunoglobulins, 23% remain on plasmapheresis and 18% continue on prednisone.^[@bib8]^ These limitations in treatment provide compelling reasons to identify new therapies for CIDP. The most appealing approaches would provide neuroprotection and immunomodulation with the goal of normalizing nerve function. Minimizing secondary axonal loss following the primary demyelinating insult and promoting nerve regeneration and remyelination are important to the recovery process.

The spontaneous autoimmune peripheral polyneuropathy (SAPP) mouse develops an autoimmune neuropathy with auto-reactive T cells directed against myelin proteins, especially affecting female mice around 20 weeks of age. The model represents a progressive, unremitting chronic inflammatory demyelinating polyneuropathy with axonal loss resulting in severe weakness by 25 weeks of age.^[@bib9],\ [@bib10]^ This rodent disease is further characterized by a reduction in T regulatory cells (Tregs) (CD4^+^CD25+Foxp3^+^) and has significant peripheral nerve infiltration of immune cells, such as CD11c^+^ dendritic cells (DCs), CD4^+^ and CD8^+^ T lymphocytes.^[@bib11],\ [@bib12]^ In CIDP patients, a similar pathogenic role was identified for CD4^+^ and CD8^+^ T cells with an accompanying reduction in circulating Tregs.^[@bib13],\ [@bib14],\ [@bib15]^ Previous studies showed that DC-mediated delivery of vasoactive intestinal peptide into SAPP mice attenuated the disease-protecting myelinated fibers as well as showing a sustained immunomodulatory effect.^[@bib16]^ A more aggressive treatment would anticipate a reversal of the natural history of SAPP mice with applicability for resolution of CIDP. In order to achieve clinical resolution, the following requirements must be fulfilled: protection against nerve fiber loss, promotion of remyelination of regenerating axons, and a robust ongoing anti-inflammatory capability. NT-3 has the potential to succeed in all of these prerequisites because of demonstrated efficacy in preclinical and clinical peripheral nerve trials. In the trembler^J^ (Tr^J^) mouse model of demyelinating neuropathy and in Charcot--Marie--Tooth type 1 A (CMT1A) patients, subcutaneous delivery of NT-3 resulted in improved peripheral nerve histopathology, regeneration and function.^[@bib17]^ However, the need for repeated NT-3 injections, a very short half-life and a limited commercial supply led to our initial study using intramuscular delivery of scAAV1.NT-3 to the gastrocnemius muscle of Tr^J^ mice.^[@bib18]^ In this study, we measured sustained levels of NT-3 in the serum and a corresponding improvement in motor function, histopathology and compound muscle action potential (CMAP) amplitude of peripheral nerves. The specificity and safety of vector delivery was further assured through the use of a triple muscle-specific creatine kinase promoter (tMCK) with added potency delivered through the application of a self-complementary (sc) AAV1. These studies have now provided the impetus for testing the scAAV1.tMCK.NT-3 in non-inherited neuropathies. SAPP neuropathy is an obvious target with implications for CIDP. The potential for treatment of an inflammatory neuropathy is further boosted because of the selective ligand binding of NT-3 to the tyrosine-kinase receptor (TrkC) paving the necessary path for immune modulation through the production of interleukin (IL)-4 by TrkC-expressing T helper cell 2 (Th2) cells.^[@bib19]^ The anti-inflammatory effect of NT-3 was recently shown in the experimental encephalomyelitis model through secretion of IL-10 by NT-3-transduced stem cells.^[@bib20],\ [@bib21]^ Success in neuroprotection and immunomodulation by NT-3 potentially fulfills the requirements necessary for the treatment of SAPP and its clinical correlate CIDP.

Results
=======

NT-3 vector and potency
-----------------------

The human NT-3 cDNA (GeneBank designation *NTF3*, referenced in this paper as NT-3) coding sequence under the control of tMCK promoter was packaged using sc AAV1 vector ([Figure 1a](#fig1){ref-type="fig"}; similar to prior studies^[@bib18]^). For this study, potency of the scAAV1.tMCK.NT-3 vector was tested in SAPP mice 25 weeks of age by delivering 3 × 10^10^ vg (vector genome) per mouse via intramuscular injection (1.5x10^10^ vg for each gastrocnemius muscle). At 4 and 7 weeks postinjection, NT-3 was expressed from muscle and secreted into the serum (NT-3 serum levels: 4 weeks, treated: 230.7±139 vs control: 44.3±25 pg ml^−1^, *P*\<0.02; 7 weeks treated: 355±177.5 vs control: 21.5±6.9 pg ml^−1^, *P*\<0.01) ([Figure 1b](#fig1){ref-type="fig"}). In all phases of this project, a cohort of phosphate-buffered saline (PBS)-injected SAPP mice served as a comparative control group.

Therapeutic effect of AAV1.tMCK.NT-3 in SAPP model
--------------------------------------------------

We tested the neuroprotective and immunomodulatory effects following intramuscular injection of scAAV1.tMCK.NT-3 in the 25-week-old SAPP mouse. Typically, mild-to-moderate weakness of fore or hind limbs is present at 21--23 weeks of age and rapidly becomes more severe by 25 weeks at which time widespread peripheral nerve inflammation is present.^[@bib10],\ [@bib16]^ We targetted this age as the baseline time point for sc.AAV1.tMCK.NT-3 injection to ensure that both cohorts were uniformly affected clinically prior to a rapidly evolving motor paralysis. At this 25 weeks of age, the clinical scores of treated and untreated/control cohorts were identical (scored around three corresponding to severe fore or hind limb weakness;^[@bib10],\ [@bib16]^ *n*=8 in each group).

### Clinical observations and functional studies

The effect of NT-3 gene therapy on bilateral hind and fore limb grip strength were assessed weekly in the SAPP mice, at weeks 26--32. Bilateral hind limb grip strength performances showed gradual steady improvement in the treated group while the controls declined. At 29 weeks, the NT-3 cohort was clearly better and by week 32 force generation in the treated group was 67% greater than controls (AAV1.NT-3: 89.7±11.7 vs control: 29.6±4.9 g; *P*=0.003; [Figure 2a](#fig2){ref-type="fig"}). Fore limb grip strength performance in treated and controls increased in parallel until week 29 after which they diverged with the NT-3 cohort continuing to gain strength through 32 weeks of age (NT-3: 66.8±4.1 vs PBS control: 45±5.0 g, *P*\<0.05; [Figure 2b](#fig2){ref-type="fig"}).

### Electrophysiological studies

End point sciatic nerve conduction studies at 32 weeks revealed the efficacy of scAAV1.tMCK.NT-3 treatment correlating with the functional studies. The CMAP amplitudes were 38.3% higher in the treated group compared with control SAPP mice (AAV1.NT-3: 9.65±1.3 vs control: 5.9±0.6 mV; *P*=0.04; [Figure 3a](#fig3){ref-type="fig"}). The mean conduction velocity from the treated SAPP mice was slighly higher than the PBS-injected controls suggestive of a trend towards improvement ([Figure 3b](#fig3){ref-type="fig"}).

### Morphological studies

The sciatic nerve at baseline prior to treatment shows striking changes, including mononuclear leukocyte infiltration, endoneurial edema, demyelination, Wallerian degeneration and a multifocal reduction in axonal density. Thinly myelinated and solitary naked axons are commonly encountered, as well as onion bulb formation indicative of repeated attempts at remyelination.^[@bib16]^ At 32 weeks posttreatment with scAAV1.tMCK.NT-3 gene transfer, we observed both preserved myelinated fibers and abundant thinly remyelinated nerve fibers ([Figures 4a and b](#fig4){ref-type="fig"}). This was strikingly different from the nerves of the PBS-injected SAPP mice where we found prominent lipid laden macrophages indicative of Wallerian degeneration and marked reduction in the number of myelinated nerve fibers ([Figure 4c](#fig4){ref-type="fig"}). There were also numerous demyelinated/naked axons in the PBS control cohort ([Figure 4d](#fig4){ref-type="fig"}).

The histological outcome of NT-3 treatment was quantified by determining myelinated fiber and demyelinated axon densities. The results confirmed that myelinated fiber density was 1.9 times higher in the NT-3-treated group compared with PBS controls (9209±1913 vs 4739±800.3 mm^−2^, *P*\<0.04; *n*=6 in each group; [Table 1](#tbl1){ref-type="table"}). This end point mean myelinated fiber density in the treated group was 15% greater than 25-week-old untreated baseline control SAPP mice (7771.8±1596 mm^−2^; *n*=11; quantified and reported previously).^[@bib16]^ This emphasizes both an NT-3-related protective effect on myelinated fibers and increase in the small diameter myelinated fiber population that corresponds to regeneration-associated myelination as illustrated in the myelinated axon size distribution histogram ([Figure 4e](#fig4){ref-type="fig"}). The number of demyelinated/nude axons was also significantly lower in the NT-3-treated group (613.1±98.72 vs 1,120±114.5 mm^−2^, *P*\<0.013), corresponding to a significant protection of myelinated fibers ([Table 1](#tbl1){ref-type="table"}). Moreover, *g* ratio (axon diameter/fiber diameter) determinations of the myelinated fibers showed that scAAV1.tMCK.NT-3 gene therapy significantly increased the remyelinated fiber population across all axon diameters but more notably of small and medium size axons ([Figure 4f](#fig4){ref-type="fig"}). *G* ratio percentage distribution histogram showed a shift to the left indicating an overall increase in the number of axons with thicker myelin ([Figure 4g](#fig4){ref-type="fig"}). Collectively, these observations are consistent with our previous studies showing NT-3-induced improvements in regeneration and remyelination in Tr^J^ and CMT1A.^[@bib17],\ [@bib18]^ It should also be noted that these preserved/improved histopathological parameters resulting from scAAV1.tMCK.NT-3 treatment occurred in the setting of a significant reduction in inflammation quantified by CD3+ cell counts in SAPP NT-3-treated mice compared with controls (NT-3: 324±204.1 vs control: 1010±343.6 cells mm^−2^, *P*\<0.05) ([Table 1](#tbl1){ref-type="table"}, [Figures 5a--c](#fig5){ref-type="fig"}).

Immunomodulatory effect of NT-3 in SAPP mice peripheral nerves
--------------------------------------------------------------

We further characterized this immunomodulatory effect of treatment using real-time PCR comparing the expression of pro- and anti-inflammatory cytokines. Real-time PCR studies of sciatic nerves revealed that the NT-3-treated group exhibited significantly reduced expression of tumor necrosis factor (TNF)-α and IL-1β but increased expression of IL-10 and Foxp3 (forkhead box P3) ([Figure 5d](#fig5){ref-type="fig"}). In order to see whether scAAV1.NT-3 treatment increased the percentage of CD4^+^CD25^+^Foxp3^+^ Tregs, known to be persistently low in SAPP mice, we analyzed the splenocytes by flow cytometry. We found a significant increase in the percentage of Tregs in the treated group, which is compatible with an immune-regulatory role of NT-3 ([Figures 5e and f](#fig5){ref-type="fig"}).

DC infiltration is an important hallmark of nerve inflammation in the SAPP model.^[@bib11]^ In our previous study, we showed that vasoactive intestinal peptide-expressing tolerogenic DCs attenuated the inflammation in the nerves of SAPP mice.^[@bib16]^ To investigate whether NT-3 treatment causes DCs to gain a tolerogenic feature, we exposed bone marrow-derived DCs to lipopolysaccharide (LPS) in the presence or absence of recombinant human NT-3 (DC characterization: [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). At 24 h of incubation with NT-3 and LPS, DCs showed more than twofold increase of IL-10 secretion and lesser amount of TNF-α compared with DCs exposed to LPS alone ([Figure 5g](#fig5){ref-type="fig"}). Overall, these results support an immunoregulatory role of NT-3 in favor of tolerogenicity providing neuroprotection and safeguards against the inflammatory demyelinating process.

Discussion
==========

In the present study, scAAV1.tMCK.NT-3 delivered directly to the gastrocnemius muscle of 25 week-old SAPP mice exhibited a potent anti-inflammatory, immunomodulatory and neuroprotective effects. SAPP mice at this age display an evolving motor paralysis, accompanied by reduction in CMAP amplitudes and conduction velocities. The sciatic nerve shows diffuse demyelination and axonal loss, with mononuclear cell infiltration. This mouse model is a prototypical example for CIDP; there is no treatment and paralysis continues unabated after 30 weeks of age without recovery.^[@bib10]^ We documented in this mouse model that gene transfer to muscle leads to the secretion of NT-3 into the serum. This results in functional benefits to the SAPP mouse, including improved hind limb and preserved fore limb grip strength accompanied by improved CMAP amplitudes in the sciatic nerve. These features of neuroprotection correlated with significantly more myelinated fibers (counts included both uninjured axons with normal myelin thickness and remyelinated axons with thinner myelin for axon size), nearly twice as many as the PBS controls (9209±1913 vs 4739±800.3 mm^−2^, *P*\<0.04). In addition, there was a robust increase in the smaller diameter myelinated fiber population (with axon diameter \<3 μm) compatible with improved axonal regeneration and associated remyelination. *G* ratio determinations clearly showed a significantly increased remyelinated fiber population, with a shift to an overall increase in the number of axons with thicker myelin.

An anti-inflammatory and immunomodulatory effect was also unequivocally demonstrated following AAV1.NT-3 delivery. The number of infiltrating CD3^+^ T cells to the sciatic nerve was decreased, and reverse transcriptase PCR studies of sciatic nerve revealed reduced expression of TNF-α and IL-1β with an increase in the expression of IL-10 and Foxp3 in sciatic nerves. We detected significantly higher expression of IL-10, which is likely to have a major role in this anti-inflammatory effect as demonstrated previously.^[@bib20],\ [@bib21]^ Of particular importance in the treatment of this inflammatory neuropathy was the finding that CD4^+^CD25^+^Foxp3^+^ Tregs were increased in the spleens of treated mice, suggesting a major contribution to generation of immunoregulatory outcomes.

We also explored the possibility that NT-3 has a role in triggering tolerogenic responses in DCs following LPS exposure. A direct correlation was reported between the numbers of myeloid DCs in the cerebrospinal fluid and clinical disability in CIDP patients.^[@bib22]^ In the experimental counterpart of the SAPP mouse model, it was observed that the time of significant DCs infiltration in the sciatic nerves corresponds to severe paralytic state.^[@bib11],\ [@bib12]^ Previously, we have shown that DCs having a tolerogenic phenotype can mitigate the inflammation in the sciatic nerves of SAPP mice.^[@bib16]^ Based on the high levels of IL-10 and low levels of TNF-α in the sciatic nerves from the treated mice, we predicted that NT-3 was capable of inducing tolerogenic features on DCs in our model. This possibility was tested by using an *in vitro* assay that showed DCs exposed to recombinant NT-3 and LPS secreted more than two times higher amount of IL-10 and less amount of TNF-α in support of the premise that NT-3 may facilitate DCs to gain tolerogenic features. Further studies are needed to understand the mechanism(s) by which NT-3 effects DCs or how it is influencing the Treg population.

It should be noted that these significantly better preserved/improved histopathological parameters occurred in the setting of decreased inflammation compared with untreated controls emphasizing the anti-inflammatory function of NT-3 in addition to its traditionally known biological effects of improved regeneration and associated remyelination. NT-3 belongs to the neurotrophin family of growth factors and widely expressed throughout the nervous system, including dorsal ganglia and spinal motor neurons as well as both peripheral nerve system and central nervous system glia, Schwann cells and oligodendrocytes.^[@bib23],\ [@bib24],\ [@bib25],\ [@bib26],\ [@bib27]^ Although NT-3, similar to other neurotrophins, was initially identified because of its essential function in the nervous system development, myelination, growth and regeneration control, a much broader effect is now increasingly being recognized extending to a wide range of cell types, including immune cells and participation in inflammatory responses. Studies suggest that NT-3 has a critical role in the regulation or maintenance of the Th1/Th2 balance through interaction with its receptor, TrkC, expressed by Th2 cells.^[@bib19]^ NT-3 acts as a trigger for cytokine production in TrkC-expressing Th2 cells but not in Th1 cells. Thus the NT-3/TrkC system is thought to be involved in the induction or maintenance of Th2-dependent immunity. Moreover, specifically Th2 cells, which express TrkC, are required for NT-3-induced axonal sprouting in the injured nervous system.^[@bib28],\ [@bib29],\ [@bib30]^ Th2 cells are known to express the neuroprotective cytokines IL-4, IL-5, IL-10 and IL-13^[@bib29]^ as well as the neurotrophic factors brain-derived neurotrophic factor and NT-3^[@bib31],\ [@bib32]^ that was proposed to act directly on the injured axons to allow sprouting.^[@bib30]^

The outcomes in this translational study of inflammatory neuropathy in the SAPP mouse have application to CIDP, a human disease with similar features. NT-3 gene therapy could potentially circumvent the use of chronic corticosteroid treatment and/or eliminate long-term intravenous immunoglobulin usage to maintain clinical stability.^[@bib33]^ Also relevant to the findings in the present study are our previous observations demonstrating biological effects of NT-3 in both Tr^J^ mice (experimentally) and in humans with CMT1A (clinically). In these earlier studies in both species, NT-3 was delivered subcutaneously three times per week.^[@bib17]^ This approach is impractical requiring chronic, sustained delivery to maintain efficacy using a product with short half-life and limited availability, but the findings in the Tr^J^ mouse showed translational application that predicted efficacy in a human clinical trial for CMT1A patients treated for 6 months resulting in an increase myelinated fiber density and improved myelination of regenerating axons.^[@bib17]^ Our follow-up studies in Tr^J^ mice using intramuscular delivery of scAAV1.NT-3 established the therapeutic dose and a preferential muscle-specific promoter to achieve sustained NT-3 levels to serve as a template for future CMT1A clinical trials with a potential to extend treatment to other nerve diseases.^[@bib18]^

Further advantages of NT-3 are bestowed by the anti-inflammatory benefits provided by a secreted pool of immunomodulatory cytokines. We clearly documented this following AAV1.NT-3 gene delivery to the inflamed peripheral nerve of the SAPP mouse. This finding in our peripheral nerve system study is reinforced in recent reports showing that delivery of NT-3 has an equally robust effect in the central nervous system combating experimental encephalomyelitis whether delivered by genetically engineered embryonic stem cell-derived microglia^[@bib20]^ or by bone marrow-derived neural stem cells.^[@bib21]^ Comparable to what we observed in an inflammatory peripheral nervous system disorder, experimental encephalomyelitis mice treated with NT-3 showed a similar neuroprotective outcome characterized by neuronal sprouting, less axonal injury and reduced demyelination.

The translational prospects of the potential use of NT-3 delivery whether by virus or stem cells, and whether used for central nervous system or peripheral nerve system disease, are clearly illustrated by these preclinical studies that pave a potential path forward for clinical trial. The applicability for peripheral nerve disease is particularly attractive given that we can achieve efficacy by an easily accessible route of intramuscular injection. Of particular interest as a disease target for treatment are cases of CMT1A neuropathy with superimposed inflammation (atypical CIDP)^[@bib34],\ [@bib35]^ where the therapeutic effect of this neurotrophin could facilitate both nerve regeneration, remyelination and, at the same time, combat the secondary inflammation that leads to even greater debilitation than the inherited disease alone.

Materials and methods
=====================

Generation of scAAV.1.tMCK.NT-3 vectors
---------------------------------------

The design of scAAV1.tMCK.NT-3 expression cassette was previously published by our group.^[@bib18]^ AAV1 vector production and purification was carried out by our viral vector core at Nationwide Children\'s Hospital, and the final titer (vg ml^−1^) was determined by quantitative reverse transcriptase PCR using the specific primers and probes for tMCK promoter utilizing a Prism 7500 Real-time detector system (PE Applied Biosystems, Grand Island, NY, USA). Aliquoted viruses were kept in −80 °C until use.

Enzyme-linked immunosorbent assays
----------------------------------

Blood sample were collected from treated and non-treated mice by performing eye bleeding under anesthesia at 4 and 7 weeks postinjection. The sera of mice were separated by centrifugation, and NT-3 levels were detected by using the Anti-NT-3 ELISA Kit (Abcam, Cambridge, MA, USA) following the manufacturer\'s instructions.

Animals, treatment and monitoring
---------------------------------

A breeding pair of SAPP mice was obtained from the Baylor College of Medicine. All mice were maintained at our animal facility of Nationwide Children\'s Hospital, and the experiments were performed according to the guidelines approved by the Research Institute at Nationwide Children\'s Hospital Animal Care and Use Committee. Clinical scoring of SAPP mice were performed as previously published.^[@bib10]^ To avoid the clinical variability among the mice, we selected 25 weeks of age as the time point for AAV1.tMCK.NT-3 injection at which time both cohorts were clinically uniformly affected prior to a rapidly evolving motor paralysis. The clinical scores of treated and untreated/control cohorts were identical (scored around three corresponding to severe fore or hind limb weakness; *n*=8 in each group) at this baseline time point. The experimental group was injected with a total of 3 × 10^10^ vg of scAAV1.tMCK.NT-3, divided into the left and right gastrocnemius muscles (1.5x10^10^ vg in 20 μl PBS per muscle); control group received PBS alone. Functional tests included bilateral fore and hind grip strength test and were performed weekly as previously described.^[@bib36]^ All outcome evaluations were done in a blinded manner. Animal identification was obtained after the data collection was completed.

Isolation of DCs and splenocytes
--------------------------------

DCs were isolated as previously described.^[@bib37]^ Briefly, the bone marrow cells flushed from femur and tibiae of 4-week-old male SAPP mice and cultured in 150 mm petri dishes with RPMI medium containing 10% fetal bovine serum, glutamax, 20 ng ml^−1^ recombinant mouse granulocyte macrophages colony-stimulating factor, 1% Penicillin--Streptomycin Amphotericin B and 50 μM 2-mercaptoethanol. The medium was replaced every other day, and the cells were analyzed for the DC markers on days 8--9. Splenocytes were isolated at 32 weeks by taking the spleens and mashing them in a sterile strainer with 40-μm pore size in a 10-cm petri dish until getting a single-cell suspension in RPMI medium with 10% fetal bovine serum and 1% Penicillin--Streptomycin Amphotericin B. The cells were centrifuged and resuspended in ammonium chloride--potassium buffer (Life Sciences Cambrex, Walkersville, MD, USA) and incubated for 5 min to get rid of erythrocytes. Then the cells were washed by PBS, counted and analyzed for Tregs by using flow cytometry.

Flow cytometry analysis
-----------------------

Monoclonal anti CD3-FITC, CD4-PE and CD25-APC antibodies were purchased from BD Pharmingen (San Diego, CA, USA). Anti-Foxp3-FITC were purchased from eBioscience (San Diego, CA, USA). For Treg analysis, 5x10^6^cells from the spleens of each mouse were first fixed with 1% paraformaldehyde and incubated with anti-Foxp3 antibody in 0.05% Tween-20 in PBS overnight at 4 °C followed by washing and incubating with anti-CD4 PE and anti CD25 APC antibodies in 100 μl PBS for 45 min. The excess amount of antibodies was washed twice with 1 ml PBS followed by centrifugation and re-suspending the cells in 200 μl PBS for analysis. All flow cytometry analyses were done by using FACSCalibur flow cytometer (BD Biosciences, Mountain View, CA, USA) and were computed by the Flow Jo software (Tree Star, Ashland, OR, USA).

Quantitative real-time PCR analysis
-----------------------------------

Total RNA was extracted from snap-frozen sciatic nerve samples of treated and control mice for the expression analysis of cytokines (IL-1β, TNF-α, IL-10 and Foxp3) by using Trizol (Life Sciences Cambrex). cDNAs were synthesized using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche, GmbH, Mannheim, Germany). All quantitative PCR analysis was performed using iTaq Universal SYBR Green Supermix (Bio-Rad, (Hercules, CA, USA) according to the manufacturer\'s instructions. The primer sequences for cytokines, housekeeping gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and Foxp3 were obtained from the literature.^[@bib38],\ [@bib39]^ Real-time PCR analyses were performed by using ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA) and the data were computed by using the DataAssist Software (Life Sciences Cambrex).

Histological analysis
---------------------

Mice were killed quickly by an over-dosage of xylazine/ketamine anesthesia at 32 weeks of age, 7 weeks post-AAV1.NT-3 injection. Both sciatic nerves were removed; one side was snap frozen for quantitative PCR analysis. The proximal half of the other side in its *in situ* length was fixed in 3% glutaraldehyde in 0.1[m]{.smallcaps} phosphate buffer and further processed for plastic embedding according to established methods in our laboratory.^[@bib36]^ The distal half was fixed in 4% paraformaldehyde overnight, cryoprotected and frozen in isopentane, cooled in liquid nitrogen. In 12-μm thick cross-sections from frozen sciatic nerves, CD3+ T-cell infiltration was assessed with immunohistochemistry using standard protocols. At least four randomly selected frames photographed at × 40 objective were used for counting of CD3^+^ cells, and the data were expressed as the number per mm^2^.

### Myelinated fiber and demyelinated axon density determinations

Quantitative analysis at the light microscopic level was performed on 1-μm-thick cross-sections from mid-sciatic nerves. In four randomly selected and digitally stored images photographed at × 100 objective, the number of myelinated fibers and demyelinated/nude axons were determined using the Axiovision software v.4.8.2.0 (Carl Zeiss MicroImaging, Munich, Germany) and expressed as the number per mm^2^ of endoneurial area. Axons undergoing Wallerian degeneration were excluded. Four randomly selected areas from six mice were analyzed in each group.

### *G* ratio of the myelinated fibers

The *g* ratio refers to the ratio of axonal diameter/fiber diameter and lower *g* ratios represent axons with thicker myelin.^[@bib40]^ For *g* ratio determinations, digitally stored four cross-sectional images of mid-sciatic nerves, captured at × 100 magnification from five mice in each group were utilized; the shortest axial lengths as axon diameters and fiber diameters were recorded with a calibrated micrometer, using the AxioVision 4.2 software (Carl Zeiss MicroImaging) as we described previously.^[@bib36]^ The *g* ratio of individual fibers was plotted as function of the respective axon diameter. In addition, the *g* ratio distribution histograms were generated as the percentage of total fibers analyzed. Composites of myelinated fiber axon size distribution histograms were also generated from data obtained for the AAV1.NT-3 and PBS-injected groups.

Nerve conduction studies
------------------------

Sciatic motor nerve conduction studies were performed bilaterally on each SAPP mouse under isoflurane anesthesia using a portable electrodiagnostic system (Synergy N2 EMG and nerve conduction study machine, Natus, Middleton, WI, USA) and techniques similar to that which we have previously described.^[@bib41],\ [@bib42]^ Briefly, the sciatic motor nerve conduction responses were recorded using two fine ring electrodes (Alpine Biomed, Skovlunde, Denmark) used as the active (E1) and reference (E2) electrodes. The active recording electrode was placed over the proximal portion of the gastrocnemius muscle and the reference electrode over the mid-metatarsal region of the foot. Using an irrigating syringe (Covidien, Mansfield, MA, USA), the skin under the ring electrodes was precisely coated with electrode gel (Spectra 360 by Parker laboratories, Fairfield, NJ, USA) to reduce skin impedance. A pair of 28-gauge monopolar needle electromyography electrodes (Teca, Oxford Instruments Medical, New York, NY, USA) was used to supramaximally stimulate the sciatic nerve 5 mm proximal to the E1 electrode and then at the sciatic notch. The parameters measured included CMAP amplitude, distal latency and conduction velocity.

Statistical analysis
--------------------

GraphPad Prism software (La Jolla, CA, USA) was used for all statistical analyses. Statistical difference of two groups was calculated by using two-tailed *t*-test or one-way analysis of variance followed by Tukey\'s multiple comparison test when applicable.
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![scAAV1.tMCK.NT-3 vector and NT-3 serum levels. (**a**) NT-3 expression is driven by a tMCK in the sc AAV vector backbone. The diagram shows the cassette composed of a tMCK enhancer/promoter region (714 bp), the full-length NT-3 cDNA (774 bp) and the SV40 polyA tail (211 bp). (**b**) SAPP mice were injected with a total of 3 × 10^10^ vg of scAAV1.tMCK.NT-3 divided into the left and right gastrocnemius muscles (1.5 × 10^10^ vg in 20 μl PBS per each muscle) or PBS alone as control. Serum samples were obtained from SAPP mice via eye bleeding at 4 and 7 weeks postinjection, and NT-3 serum levels were determined by using enzyme-linked immunosorbent assay. Error bars: s.e.m. (*n*=8 per group). Statistical significance: two-tailed *t*-test (\**P*\<0.05, \*\**P*\<0.01).](gt201567f1){#fig1}

![Functional improvements in SAPP mice following AAV1.NT-3 treatment. Treated group had increased hind limb (**a**) and fore limb (**b**) grip strength compared with the PBS-injected control group. Error bars represent s.e.m. Statistical significance between the AAV1.NT-3 group (*n*=8) and control group (*n*=8) was calculated by using multiple *t*-test; one per row was performed; \**P*\<0.05.](gt201567f2){#fig2}

![Nerve conduction analysis. AAV1.NT-3 gene therapy improved the CMAPs in the SAPP mice. The end point CMAP amplitude is 38% higher in the treated group (**a**). Conduction velocities were not found significantly different between the two groups (**b**). Error bars represent s.e.m. Statistical significance between the AAV1.NT-3 and PBS control group (*n*=8 per group) was calculated by using two-tailed *t*-test; \**P*\<0.05.](gt201567f3){#fig3}

![AAV1.NT-3 gene therapy protects myelinated fibers and enhances remyelination in sciatic nerve. One-micrometer-thick cross-sections from midsciatic nerve segments are shown. Representative pictures of relatively well preserved myelinated fibers (**a**) and numerous remyelinated axons with thin myelin sheath (**b**) from the AAV1.NT-3 injected group at 32 weeks of age are shown. PBS-injected group at the same age show lipid laden phagocytic cells and marked reduction of the myelinated fibers (**c**) as well as numerous demyelinated/naked axons (arrows) (**d**). Scale bar=10 μm. (**e**) Myelinated axon size distribution histograms from AAV1.NT-3 and control SAPP mice at 7 weeks postinjection. Composite histograms for myelinated fiber densities (number mm^−2^) were generated from *n*=5 mice in each group; error bars represent s.e.m. (**f**) Scatter plot shows *g* ratios of individual fibers as a function of the respective axon diameter (*n*=5 mice per group; a total number of 1938 treated and 926 untreated axons were analyzed that were obtained from four randomly selected images, photographed at × 100 in each mouse nerve). The AAV1.NT-3 gene therapy increased the number of remyelinated fiber population across all axon diameters but predominantly of the small and medium diameter axons. (**g**) *G* ratio percentage of distribution histogram shows a shift to left, indicating an overall increase in the number of axons with thicker myelin compared with the PBS-treated control group.](gt201567f4){#fig4}

![Anti-inflammatory, immunomodulatory effect of AAV1.NT-3 treatment. Reduction of CD3^+^ T cells\' infiltration in sciatic nerve samples of the AAV1.NT-3 group (**a**) compared with the control (PBS) group (**b**) at 32 weeks of age. Scale bar=10 μm. (**c**) Quantitative data for CD3^+^ cell counts, expressed as number mm^−2^ cross-sectional area of sciatic nerves (derived from four randomly photographed areas at × 40 from each nerve; obtained from eight mice per group). Expression levels of IL-1β, TNF-α, IL-10 and Foxp3 in sciatic nerves (**d**). Total RNA was extracted from snap-frozen sciatic nerve samples and analyzed for expression by using real-time quantitative PCR. The data was normalized to GAPDH. Error bars: s.e.m. (*n*=8 per group; two-tailed *t*-test; \**P*\<0.05, \*\**P*\<0.01), AU: arbitrary units. At 32 weeks, splenocytes were isolated and analyzed for Tregs. (**e**) A representative flow cytometry images of CD4^+^CD25^+^Foxp3^+^ Tregs gated from CD4^+^ T cells from the spleen. (**f**) Frequency of CD4^+^CD25^+^Foxp3^+^ Tregs in the spleen. Error bars: s.e.m. (*n*=8 per group). Statistical significance: two-tailed *t*-test (\**P*\<0.05, \*\**P*\<0.01). (**g**) DCs isolated from SAPP mice (*n*=6) were exposed to 1 μg ml^−1^ of LPS in the presence and absence of recombinant NT-3 (100 μg) for 24 h. Cell culture supernatants were collected and analyzed for IL-10 and TNF-α cytokines by using enzyme-linked immunosorbent assay. Statistical significance: one-way analysis of variance followed by Tukey\'s multiple comparison test; (\**P*\<0.05, \*\*\**P*\<0.001).](gt201567f5){#fig5}

###### Histological analysis of sciatic nerve samples at the end point (32 weeks)

  *Groups*   n   *Myelinated fiber density mm*^−*2*^   *Demyelinated-nude axons mm*^−*2*^   *CD3*^*+*^*T cell mm*^−*2*^
  ---------- --- ------------------------------------- ------------------------------------ -----------------------------
  AAV.NT-3   6   9209±1913\*                           613.1±98.72\*                        324±204.1\*
  Saline     6   4739±800.3                            1120±114.5                           1010±343.6

Data presented as mean±s.e.m. \**P*\<0.0.5 between the AAV.NT-3 and saline-injected control group at the end point.
